To present an experimental method for determining the viable cell pool of corneal endothelia and its application to assessing predissected endothelial grafts. METHODS. The endothelial cell density (ECD) of five pairs of human organ cultured corneas was determined using a standard counting method with a calibrated image analysis system. A thin posterior graft (30 -50 m) was manually predissected from a cornea chosen at random. Predissected and control corneas were shipped to the remote center, where standard ECD determination was repeated and was immediately followed by a triple Hoechst/ethidium/calcein labeling coupled with image analysis of the whole graft surface. Numeration of nuclei (Hϩ), dead cells (Eϩ), and total area covered by viable cells (Cϩ) allowed the calculation of viable ECD corresponding to the cell density that the cornea may have after redistribution of viable cells over the whole Descemet surface. RESULTS. The median (range) viable ECD was lower than the standard ECD determined immediately earlier in predissected and control corneas: 1628 (1138 -2379) and 2065 (1492-2876) cells/mm 2 (P ϭ 0.043), corresponding to Ϫ20% (Ϫ1%-38%) and Ϫ12% (Ϫ3%-26%), respectively (P ϭ 0.08). CONCLUSIONS. Standard counting by eye banks overestimates the actual pool of viable endothelial cells. This may be the main explanation for the initially rapid decrease in ECD universally described in patients after all types of keratoplasty. Early low postoperative ECD may indicate that surgeons graft fewer living cells than the eye banks' ECD let suppose, rather than a massive pre-and postoperative cell death. The novel concept of viable ECD can be useful for assessing all types of corneal processing. (Invest Ophthalmol Vis Sci. 2011;52:6018 -6025) 
E ye bank assessments of endothelial graft quality during storage is based on three criteria: cell density, cell morphometry, and the detection of any endothelial abnormalities such as guttae. 1 A fourth criterion, applied by a small proportion of the banks using organ culture (OC), primarily in Eu-rope, is assessment of endothelial mortality after trypan blue staining. 2, 3 Endothelial cell density (ECD) is the main recognized criterion for corneal transplantation. Its threshold value, between 2000 and 2400 cells/mm 2 , [2] [3] [4] was determined empirically in the 1980s for the delivery of grafts for penetrating keratoplasty (PKP). It is the best compromise between acceptable graft survival time in the recipient and a discard rate compatible with eye banks' medical economics. Morphometric parameters (polymegethism and polymorphism) provide additional information, 5 although their influence on postoperative survival has yet to be clearly established. Trypan blue vital staining is used primarily to detect striae, or lines of dead endothelial cells (ECs), that may indicate trauma during removal or handling at the bank or, exceptionally, herpetic endothelial necrosis. 6 Incidentally, some banks use it to measure instant endothelial mortality (percentage of ECs with blue-stained nuclei), but this information has low relevance. It has been clearly demonstrated that trypan blue does not highlight the onset of apoptosis in ECs. 7 In eye banks, ECD is most often determined by computer analysis of specular microscopy (SM) images for cold storage at ϩ4°C 8, 9 (primarily in the United States) and of transmitted light microscopy (TLM) images for OC storage. 5,10 -14 Although counting software programs have become widespread in recent years, this routine ECD imperfectly reflects the pan-corneal pool of viable cells, for four reasons: (1) Only visible ECs can be counted, whether spontaneously visible in SM or made visible by osmotic preparation with 0.9% sodium chloride or 1.8% sucrose for TLM. 2 However, areas in which ECs are invisible often correspond either to desquamated ECs (particularly in corneal folds) 7 or to areas in which cell contours are invisible or poorly visible either spontaneously or after osmotic preparation. (2) EC contour recognition is often difficult and may distort counting, despite computer extrapolation (pointing of EC centers in SM) or drawing (completing cell contours in TLM). 15 (3) Counting is done on a very small EC sample (50 -300), i.e., less than 1/1000th of the pan-corneal endothelial cell pool in adults (200,000 to 300,000 cells). (4) Routine cell density determination takes account of EC viability either very imperfectly (OC) or not at all (cold storage). These four reasons together suggest it is likely that routine ECD substantially overestimates the pan-corneal pool of viable ECs.
Several experimental methods have been proposed since alizarin red by Sperling in the 1970s for assessing endothelial quality during corneal storage or in other applications (staining described in 1946 by Vonwiller 16 ). These are summarized in Table 1 . None measures pan-corneal endothelial viability, unlike the method presented here.
Endothelial keratoplasty (EK) is fast being adopted in the United States and Europe. 3 In the United States, operations rose by 135% between 2006 and 2007 (14,159 in 2007) 51 and reached 18,221 in 2009 (i.e., 43% of grafts delivered by banks). 52 This procedure, offered mainly in cases of Fuchs' dystrophy and pseudophakic corneal dystrophies, significantly reduces complications reported after PKP (astigmatism, scar fragility, rejection) and allows faster visual recovery. 53, 54 The diseased endothelium is removed through a small incision and is replaced by an endothelial graft that may include a stromal lamella. The graft can be dissected manually using a microkeratome or a femtosecond laser. Descemet stripping automated endothelial keratoplasty (DSAEK) using a microkeratome is the most common technique because it is the easiest to perform, but it obtains thicker grafts than do manual techniques and is far more costly. Manual dissection obtains extremely thin grafts, and even endothelium-Descemet membrane complexes; the latter allow greater visual recovery 55 by limiting interface and hypermetropization phenomena. However, the difficulty with the manual technique (which involves a steep learning curve) is restricting its adoption by surgeons. Consequently, even more than for DSAEK, 56 manual preparation of grafts by cornea bank specialists highly skilled in this technique and shipment to remote operating theaters would limit these drawbacks.
This article presents an experimental method for pan-corneal measurement of the viable EC pool supplied by the graft Standard cell counts used routinely (specular microscopy for cold storage or transmitted light microscopy for organ culture) are not cited, nor is the assessment of in vitro endothelial cell cultures. Their applications involve mainly eye banking but also lamellar graft predissection by femtosecond laser, endothelial dissection, bioengineered endothelium, and endothelial gene therapy. Plus sign indicates combined labeling. H, human, B, bovine, F, feline, P, pig, GP, guinea pig, R, rabbit; PRK, photorefractive keratectomy.
* Two recent studies have used live/dead assay by Hoechst/ethidium homodimer/calcein-AM triple labeling, but without analyzing the entire endothelial surface. and its application to assessing endothelial grafts predissected manually by an eye bank and sent to a remote location.
MATERIALS AND METHODS

Human Corneas
Five pairs of healthy human corneas assigned to scientific use and procured by the Normandy Eye Bank (Rouen, France [center 1]) were used after informed consent of the relatives, as authorized by French bioethics laws. All procedures conformed to the tenets of the Declaration of Helsinki for biomedical research involving human subjects. Median donor age was 83 years (range, 49 -89 years), which is typical in France. 3 The male/female ratio was 1.5. Median time from death to procurement was 11 hours (2 hours 50 minutes to 13 hours 45 minutes). Corneas were procured by in situ excision with 16-to 18-mm-diameter trephination, according to the procedure recommended in France for corneas intended for transplantation. They were then immediately placed in 100 mL of the OC medium (Corneamax; Eurobio, Les Ulis, France) at ϩ31°C in a dry incubator, in accordance with the OC preservation procedure of most European eye banks. Median storage time before dissection was 18 days (range, 13-25 days), close to the mean storage time observed in most European eye banks. 3 For each pair, one cornea chosen at random was prepared as described here and was immediately returned to the OC medium. The mate cornea (control) remained in its storage medium. Both corneas were sent at ϩ31°C (controlled and registered temperature) by car transporter to the remote center 398 miles (640 kilometers) away (Laboratory for Corneal Graft Biology, Engineering and Imaging, Faculty of Medicine, Jean Monnet University, Saint-Etienne, France [center 2]), replicating the typical conditions of shipping to a remote operating theater.
Manual Endothelial Dissection
At center 1, dissection was performed by a sole experienced operator (MM) using a technique published elsewhere. 57 Briefly, the graft was placed, endothelial side up, on an artificial anterior chamber (Moria, Antony, France). A surface mark 8.25 mm in diameter was then made with a disposable trephine blade. For easier viewing of the endothelium-Descemet membrane complex, the endothelium was covered with 0.4% trypan blue (Eurobio) for 1 minute, then washed with balanced salt solution (BSS; Alcon, Rueil-Malmaison, France). The anterior chamber was then filled with air to invert the cornea, which became convex in shape, endothelium side up. During dissection, the endothelium was constantly bathed by BSS. Lamellar dissection was then performed using Melles-type spatulas (Dorc, Zuidland, Netherlands), passing just below the Descemet membrane. Dissection was begun with a pointed spatula and continued with a foam-tipped spatula, remaining in the same cleavage plane in the posterior stroma, just below the endothelium. This technique allowed dissection of a very thin posterior graft of 30 to 50 m (histologic and postoperative confocal microscopy data). 57 The graft perimeter was then cut using Vannas micro scissors, after the superficial trephination mark was initially made. Because the objective was to ship the graft to a distant location, the cut was left incomplete so as to prevent detachment of a graft in the OC medium. The 10°hinge was marked by a nick next to it on the sclera. After predissection, the cornea was immersed in a new bottle of medium and shipped to center 2. All endothelial lamellae remained adherent to the underlying stroma during shipping. However, on receipt, detachment was easy and atraumatic after sectioning of the hinge. Both corneas of each pair were assessed in parallel with two complementary methods: a standard cell density determination was performed at center 1 before dissection; at center 2, after a mean of 3.8 Ϯ 0.8 days (4; range, 3-5 days), the same standard cell density determination was repeated, and immediately afterward a specific pan-corneal endothelial live/dead assay was performed.
Standard Cell Density Determination (Centers 1 and 2)
The determination was performed by a single observer (SP), as described elsewhere. 10, 12 Briefly, after washing in BSS, corneas were placed endothelial side up in a sterile petri dish. Dead cells were identified using 0.4% trypan blue only, to eliminate corneas with extensive EC necrosis. The endothelial surface was incubated with 0.9% sodium chloride (Aguettant, Lyon, France) for 4 minutes to dilate the intercellular spaces. Once the cell contours were optimally discernible, the endothelium was viewed through a long working distance ϫ10 objective using a light direct microscope (Eclipse 50i, Nikon Corp., Japan, in center 1; DMLB, Leica Microsystems GmbH, Wetzlar, Germany, in center 2). Endothelial photographs were acquired using a monochrome CCD video camera (XC-ST50CE; Sony Corp., Tokyo, Japan) installed in both centers and digitized using a video frame grabber (DT-3155; Data Translation, Marlboro, MA). Three wide-field (1000 ϫ 750 m) images of three randomly chosen nonadjacent zones of the endothelium contained within the central 8-mm-diameter were taken at 768 ϫ 576 pixel resolution in 8-bit gray level and saved in bitmap format. Image analysis was centralized at center 2 after software calibration of the two microscopes. ECDs were determined on the three wide-field images with the intensively validated computerassisted eye bank endothelial analyzer (Sambacornea; Tribvn, Chatillon, France), using a semiautomated method, on Ͼ300 EC with manual correction of cell contours when necessary. 5, 10, [12] [13] [14] This method has low intraobserver and interobserver variability. 13
Pan-Corneal Endothelial Live/Dead Assay (Center 2)
Triple Labeling. The Hoechst/ethidium homodimer/calcein-AM combination was used ( Fig. 1 ). Hoechst 33342 (H), a vital nucleic acid dye, is a common cell-permeant nuclear counterstain that emits blue fluorescence when bound preferentially to A-T base-pairs of doublestranded DNA. It is excited by ultraviolet light at around 350 nm and emits blue/cyan fluorescent light with a peak of 461 nm. Ethidium homodimer-1 (E) enters cells with compromised membranes and is fluorescent when bound to nucleic acids. Ethidium produces bright red fluorescence in the nuclei of dead cells. The dye is excited at 528 nm and emits red fluorescent light with a peak of 617 nm. Calcein acetoxymethyl (calcein-AM) (C) is a nonfluorescent, hydrophobic compound that easily permeates intact live cells. Hydrolysis of Calcein-AM by ubiquitous intracellular esterases in live cells produces a hydrophilic green fluorescent product. Hydrolyzed calcein is retained within cells. It is excited at 495 nm and emits green fluorescent light with a peak of 520 nm. The corneas, placed endothelial side up in a sterile petri dish, were incubated for 45 minutes at ϩ31°C with 100 L Hoechst 33342 (10 M), ethidium homodimer-1 (4 M), and calcein-AM (2 M) in phosphate-buffered saline (PBS) and then were gently rinsed in PBS. The endothelium was coated with a viscoelastic substance (Viscoat; Alcon) to avoid artifactual lesions during subsequent manipulation. For predissected grafts, the hinge was cut with Vannas micro scissors. The endothelial lamella was gently transferred onto a glass slide under an operating microscope. Controlled corneas were trephined at 8.25 mm (Hessberg-Baron trephine). In all grafts, a radial cut was made to allow a flat mount without folding under a coverslip using an antifading agent (Fluorescent Mounting Medium; DakoCytomation, Glostrup, Denmark). For the full-thickness buttons, the coverslip was held by adhesive tape.
Pan-Corneal Image Acquisition for Viable Cell Surface
Area Determination. Tagged image format file images were acquired using a microscope (IX81; Olympus, Tokyo, Japan), with motorized XYZ, run by imaging software (Cell P ; Cell Imaging, Hamburg, Germany). Acquisition of a mosaic of 40 overlapping images using a ϫ4 objective made it possible, after reconstruction, to view the whole surface of the grafts (Fig. 2) . Viability was measured on the whole graft surface, after manual tracing of the circumference but excluding the artifact area bordering the radial incision required for flat mounting. Total median analyzed surface was 57 mm 2 (range, 53-64 mm 2 ) for both groups. After background noise removal, signal thresholding, and binarization, the calcein-stained viable endothelial surface area was automatically calculated, as was the ratio of viable surface area to total analyzed area (percentage of graft surface area covered by live ECs). 8) Full-thickness graft (control). Folds with no living cells were clearly visible. The radial cut necessary for the flat mount caused artifactual cell destruction, visible as a darker area around the cut (white arrowheads). This was more pronounced than with the lamellar graft because of stromal compression during cutting and was, therefore, excluded during image analysis. The blurred surrounding rim (blue arrow) is attributed to stromal autofluorescence (absent in 9). Yellow arrow: cell damaged by trephination. (9) Endothelial graft. Folds with no living cells were also present. Red arrow: hinge that kept the graft attached to the stroma for shipping and was then cut after staining. Green: percentages of areas covered by living cells. Median viable endothelial surface was higher in the control group than in the predissected group, respectively 90% (86%-92%) versus 82% (80%-87%) (P ϭ 0.043).
Viable ECD Determination. Five additional images (a central
image and one in each quarter) were acquired with a ϫ10 objective for the Hoechst and ethidium stainings, which required higher magnification than calcein. In homogeneous areas of these five manually delineated images, all the positive Hoechst nuclei were counted by automatic detection with manual correction, if necessary. Positive ethidium nuclei were counted using the same principle in five other fields randomly selected. (Fig. 3 ). Image analysis was performed by a single observer (AP) masked to the group. These measurements were made on 3359 (range, 2457-3964) versus 2252 (range, 2114 -3631) (P ϭ 0.225) nuclei in the control and predissected groups, respectively. The mortality rate was the number of positive ethidium nuclei out of the total number of nuclei (Hoechst ϩ ethidium). Density of nuclei (nuclei/mm 2 ) in the homogeneous areas corresponded to the ratio between the number of nuclei and the delineated measurement area. The average of the five images was considered. Viable ECD (number of viable ECs/mm 2 ) was calculated by multiplying this density of nuclei by the percentage of viable endothelial surface area. Lastly, the total number of viable ECs on each graft was calculated by multiplying this viable ECD by the total surface area.
Statistical Analysis
Considering the sample size, data are expressed as median (range). Quantitative data were compared using nonparametric tests (Wilcoxon for paired data) using statistical software (SPSS 11.5; SPSS, Chicago, IL). P Ͻ 0.05 was deemed significant.
RESULTS
Standard ECD
In center 1, endothelial baseline ECDs before dissection were comparable, with 2610 (range, 1898 -3611) versus 2619 (range, 1675-2877) cells/mm 2 in the control and predissected corneas respectively (P ϭ 0.686). Cell morphometry was also comparable (data not shown).
After shipping to center 2, the EC image quality of predissected corneas was poor, with cells scarcely visible because of poor intercellular space dilation and high background noise caused by trypan blue staining of stromal lamellae. Nevertheless, standard cell density determination remained possible and was performed with complete manual drawing of cell contours. ECDs were 2328 (range, 1935-3252) versus 2043 (range, 1235-2793) cells/mm 2 (P ϭ 0.08), respectively, for control and predissected corneas, corresponding to cell losses of 7% (range, Ϫ6%-14%) and 12% (Ϫ7%-29%), respectively (P ϭ 0.345). These cell losses were attributed to endothelial cell damage during the dissection and shipping procedures. Cell morphometry remained comparable (data not shown).
Viable ECD and Comparison with Standard ECD
Viable ECD was 2065 (range, 1492-2876) versus 1628 (range, 1138 -2379) cells/mm 2 , significantly lower in the predissected group (P ϭ 0.043). Compared with standard ECD determined immediately before HEC labeling, viable ECD was 12% (range, 3%-26%) lower for control corneas and 20% (range, 1%-38%) for predissected corneas (P ϭ 0.08). Considering the areas of the grafts, the median number of viable ECs on the graft was 116,101 (85,576,164,792) in controls versus 100,300 (65,885,129,940) on predissected corneas (P ϭ 0.043). The main results are shown in Figure 4 .
DISCUSSION
The technique of HEC triple staining combined with image analysis of the whole endothelium allows us to introduce the original concept of viable ECD. Applied for the first time to assessing the pan-corneal viable cell pool of grafts delivered by eye banks, it confirms that standard ECD overestimates the viable EC pool of grafts, corresponding to the actual endothelial pool, regardless of whether these are sent unhandled for PKP (ϩ12% of ECD) or are predissected by the eye bank for EK (ϩ20%). This study suggests that standard ECD overestimation is the main explanation for the initial rapid decrease in ECD universally described in patients, whatever the type of keratoplasty.
Until now, with one exception in which calcein ϩ ethidium was used, 36 endothelial dissection methods have been assessed simply by double staining with alizarin red and trypan blue, 18 which does not allow reliable ascertainment of EC viability. Double staining with the calcein-AM/ethidium homodimer 58 -60 has been widely validated for assessing the viability/toxicity of numerous cell types. Image analysis is simple thanks to the high intensity of label fluorescence. In our study we combined it with Hoechst 33342, which highlighted all cell nuclei irrespective of cell status (living, dying, or dead). This experimental destructive method (not usable by eye banks) for pan-corneal image analysis allows consideration of a cell sample (approximately 3000 ECs analyzed, or roughly 1% of all ECs) Ͼ10 times greater than is used in standard ECD, as well as the instant mortality rate and the endothelial surface actually covered by viable ECs. By combining these data, we can propose the concept of viable ECD (i.e., the actual pool of viable ECs on a graft). This also allows expression of the absolute number of viable ECs donated to the recipient. This novel concept corresponds to the ECD after all living ECs have recolonized, without dividing, the acellular spaces or those containing ECs that are committed to dying. Such acellular areas of varying extent, already described after endothelial dissection, 36, 61 frequently exist even on non-predissected They were by definition eliminated during the processing of calcein images (see Fig 2) ; thus, it was logical not to select them to determine the number of nuclei per surface unit. (D) Counting of nuclei (here, 1099). (E) Selection of ethidium acquisition channel. (F, G) Similar to the previous Hoechst process. Median mortality rate (ethidiumϩ) did not differ between the control group and the predissected group, respectively 0.05% (0%-0.28%) versus 0.12% (0.06%-0.30%) (P ϭ 0.068). grafts, as shown by the acquired images of the whole controlgraft surface (Fig. 3 ). It should be noted that the percentage of viable surface never reaches 100% (90% for the control group vs. 83% for the predissected group). Most of these acellular areas are located in hypotonia-induced folds. These folds became more pronounced with the edema that occurs during OC but were initially described in storage at ϩ4°C in McCarey-Kaufmann medium. 62 The status of the present but unviable ECs, revealed by our study as ECs whose nuclei are well displayed by Hoechst but remain calcein-negative, remains to be defined, but they may be apoptotic. 7, 31 This new concept, applied to assessing grafts predissected by hand and sent to a remote location, shows that cell loss is greater than when a full-thickness graft is stored. Even when predissection is performed by an expert, as in our study, graft manipulations (removal from storage medium for approximately 10 minutes, exposure to air, inversion of corneal curve, insertion of spatula, lesions to underlying stroma, final hinge cut) and shipping time explain this additional mortality. Storage aside, full-thickness grafts are subject only to trephinationrelated trauma. 63 The most important point, in our view, is the coherent difference observed between the standard ECD supplied by the eye bank to the surgeon and the viable ECD as we have defined it, with the rapid decrease in cells reported in the clinical series for both PKP and EK. All these data seem to indicate that the "cell loss" calculated postoperatively using ECD provided by the bank and specular microscopy performed on recipients primarily reflects the difference between the bank-estimated ECD and the actual viable EC pool on the graft (rather than massive EC death in the first postoperative days or weeks). For PKP, the difference in ECD of 12% Ϯ 9% (mean Ϯ SD) measured in our study is comparable with that reported in the early postoperative phase of series using OC: 17.5% (95% confidence interval, 13.1%-21.9%) in a series of 25 perforating grafts for which, in 75% of cases, ECD could be measured reliably at 5 days after graft, 64 and 9% Ϯ 11% at 1 month postoperatively in another series of 24 perforating grafts. 65 Interestingly, although we did not demonstrate it, the same observation can be made for series using 4°C stored corneas: 11% Ϯ 20% at 6 months postoperatively in the Cornea Donor Study. 66, 67 Because no difference in either clinical results or ECD has been shown between 4°C and OC stored corneas, 65, 68 we think our results could be extrapolated to 4°C storage, where SM performed in eye banks may have the same gap with viable ECD as does TLM in eye banks using OC. This remains to be investigated. Similarly, for EK, the difference in ECD of 20% measured in our study is also comparable with the clinical series using either OC or 4°C stored corneas: a loss of 25% Ϯ 15% at 6 months in a prospective series of 100 DLEKs reported by Terry 69 ; 30% at 6 months, then stable in the series of 100 DSAEKs using grafts predissected in-bank reported by Terry 56 ; 38% Ϯ 22% at 6 months in the series of 173 DSAEKs reported by Price 67 ; 29% at 6 months in the series of 58 DMEKs reported by Melles 70 ; and 40% at 1 month in two series of 37 DMEKs with 4°C stored corneas and 45 OC corneas reported recently by Laaser. 71 Additional losses caused by surgical trauma during insertion of the endothelial graft 41, 43 into the anterior chamber and unfolding maneuvers, not considered in our study, are responsible for the remainder of measured cell loss. Further, the hitherto unknown difference between standard ECD and viable ECD probably explains why the most recent studies find no correlation between the ECD of bank-supplied grafts and either post-PKP graft survival 72 or postoperative ECD after DSAEK. 73 Predissection of endothelial grafts for DSAEK and shipping to a remote center is now common practice in the United States, using grafts stored at ϩ4°C in medium (Optisol GS; Bausch & Lomb, Rochester, NY). In 2009, of the 18,221 grafts delivered for EK, 12,071 were predissected at an eye bank (12,037 by microkeratome, 9 manually, 25 by femtosecond laser). Postoperative cell loss with grafts predissected in-bank and sent to a remote center was comparable with that in graft series involving tissue cut intraoperatively. 56 There is no comparable data for grafts that underwent in-bank manual predissection of thin grafts or pure Descemet with shipping to a remote center. A sole European study of 10 pure Descemet grafts stored in OC for 4 weeks reported cell loss 1 week after dissection, measured at 3.7% Ϯ 6.3% by routine cell density determination. Our series population did not allow the study of predissected ECD influence on final ECD. It remains to be determined whether it is necessary to select grafts with high initial ECD liable to better resist cutting trauma and the stress caused by storage and shipping.
In conclusion, the technique of triple HEC staining coupled with pan-endothelial analysis allows us to introduce the novel concept of viable ECD as the best indicator of the functional EC pool given to the recipient. This technique can be applied to the analysis of any surgical or nonsurgical procedure that is liable to directly or indirectly alter the corneal endothelium.
